ABSTRACT We investigated the interaction of tetanus toxin with small unilamellar vesicles composed of different phospholipids as a function of pH, toxin concentration, temperature, and ionic strength of the solution. Tetanus toxin increased the permeability of the vesicles to fluorescent markers of molecular weight up to 700. The time course of the permeabilization was described as the sum of two exponential components of which the faster accounts for more than 70% of the total effect. Both time constants decreased when the pH of the solution was lowered and when vesicles contained negative lipids. These results can be explained in terms of a phenomenological model based on reaction rate theory. The model assumes that tetanus toxin, after equilibrating with the local pH existing at the surface of the vesicles, inserts into the lipid bilayer forming an ionic channel through which solutes can diffuse. Trigger event for the insertion of the toxin is the protonation, and consequent neutralization of one charged group which makes the molecule more hydrophobic. The intrinsic pK of this group was found to be 3.4 ± 0.2, suggesting that it may be a carboxyl group. Since the toxin equilibrates with the local pH, the enhancing effect of acidic phospholipids is merely explained by the creation of a negative surface potential which increases the local proton concentration. This was confirmed by the inhibitory effect of high Na+ concentration which reduced the surface charge by screening and specific binding. We found still small differences between the lipids tested and the following order of sensitivity to the action of the toxin: phosphatidylinositol > phosphatidylserine > phosphatidylcholine -cholesterol.
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The activation energy for the two time constants was found to be 19.8 and 14.8 kcal/mol, fast and slow component, respectively, i.e., slightly larger than that for pure diffusion through the bilayer.
The permeabilization induced by tetanus toxin is a voltage-dependent process because vesicles bearing an inner negative potential were depolarized very quickly whereas those bearing an inner positive voltage were barely depolarized at all.
INTRODUCTION
Tetanus toxin (TeTx) is a potent and specific neurotoxin secreted by the bacterium Clostridium tetanii. The protein consists of two chains: L (50 kD) and H (100 kD) linked by a disulfide bridge (1) (2) (3) . It has been proposed that gangliosides GDlb and GTIb or sialoglycoproteins are the membrane receptor for the toxin (4) (5) (6) . TeTx acts at the level of both the central and the peripheral nervous systems (7) . Its paralyzing effects seem to require several steps: binding to nerve terminals, internalization via endocytic vesicles, retrograde axonal transport, and transition to presynaptic neurons (8) (9) (10) .
It was shown that TeTx increases membrane permeability both in artificial planar bilayers (11) (12) (13) (14) and in phospholipid vesicles (15) . Interaction of tetanus toxin with membranes is a complex process depending on several parameters such as the pH of the ionic solution, applied transmembrane voltage, and phospholipid compoCorrespondence and reprint requests should be addressed to Dr. Menestrina.
sition of the membrane (11) (12) (13) (14) (15) (16) (17) . Despite the difference in the target tissues, other bacterial toxins like diphtheria toxin (11, 18) , botulinum toxin (11, 19, 20) , and exotoxin A from Pseudomonas aeruginosa (21) have properties similar to those of tetanus toxin in model systems. The strong dependence of the model membrane-toxin interaction on the pH of the ionic solution, the resistance of mutant cells presenting defective acidification of endosomes (22) , and the protective action of amines from attack of toxins (23) have suggested that internalization via endocytic vesicles is a determinant step for the action of these bacterial toxins. The channel-forming properties may be related to this step. In this study we applied fluorimetric techniques to reveal permeabilization of phospholipid vesicles induced by TeTx with the main purpose of giving a more comprehensive and quantitatively accurate characterization of the chemico-physical parameters controlling the toxinmembrane interaction. Particularly, we investigated (a) the kinetics of the interaction, in order to obtain information on the molecular mechanism of the reactions leading to the formation of the channel; (b) the pH dependence of the toxin insertion using vesicles of different lipid compo- 
RESULTS

Permeabilization of lipid vesicles by tetanus toxin
Addition of TeTx.bb to a cuvette containing small unilamellar vesicles loaded with calcein promoted the release of the dye resulting in an increase of the total fluorescence of the sample (Fig. 1) . The time course of the kinetics of interaction could therefore be determined as well as its dependence on several different parameters such as lipid composition of the vesicles, concentration of the toxin, pH, temperature, and ionic strength of the solution. Irrespective of the choice of these parameters, the time course of the interaction could best be fitted by the sum of two exponential components providing two time constants, r, and T2, respectively (see inset of Fig. 1 ). Under most of the experimental conditions, the amplitude of the faster component exceeds that of the slower component by at least a factor of 2-3.
The main features of the interaction of TeTx with SUV did not depend on the kind of fluorescent probe chosen to detect the permeabilizing effects; in fact control experiments performed either with 6-CF (see Fig. 3 binding of protons to the toxin takes place. Meanwhile, at any fixed pH, both time constants were decreased by using lipid vesicles with increasingly negative surface charge. The results of a parallel set of experiments run with TeTx.bb were similar to those reported in Fig. 2 and were included in Table 1 .
In Fig. 3 the effects of pH on TeTx.sc-induced release of 6-CF are reported.
Usually, toxin from a stock solution at pH 6.0 was added to a cuvette containing the vesicles at the desired pH. We also verified that incubation of TeTx.sc at pHs ranging between 2.7 and 3.2 for at least 30 min did not change the time course of permeabilization. This indicates that, even at these extreme values of pH, no irreversible denaturation or self-aggregation of the toxin takes place. (Fig. 4, A and B, respectively). On the other hand, they were almost independent of the vesicle concentration, as illustrated in the case of two different toxin concentrations in Fig. 5 A.
A linear increase in the number of permeabilized vesicles (up to a saturation number) was observed when increasing amounts of toxin were sequentially added to the same sample during the same experiment (Fig. 5 B) . This indicates that there is no cooperativity in the permeabilizing action of TeTx, i.e., that toxin-vesicle interaction is a one-to-one reaction. TeTx concentration ( nM ) FIGURE 4 Dependence of the kinetics of interaction upon toxin concentration. The results presented so far can easily be understood in terms of the channel-forming properties of TeTx, which were first demonstrated using planar lipid membranes (11, 12) . It was shown recently, on that system, that the channel-opening probability strongly increases with the application of a transmembrane voltage, provided that the compartment opposite to that of toxin addition is the negative one (13) . This finding prompted us to study the interaction of TeTx with vesicles bearing a 90 mV inner potential either positive or negative (Fig. 8) Table 2 . We found that the two toxin preparations behaved similarly, whereas both fragment B and the toxoid were much less active and produced a permeabilization whose time course was described by one single exponential component.
Finally, TeTx.sc tried on planar lipid bilayers induced the formation of fast-fluctuating ionic channels which are voltage and lipid dependent (Gambale, F., unpublished result), and whose characteristics were similar to those Fig. 1 ), whereas permeabilization by fragment B, and by the toxoid, was well fitted by one single component of time constant r. All the time constants are given in seconds. 100% release was obtained by addition of Triton X-100 as in Fig. 1 . Lipid vesicles were comprised of PC/PS and loaded with calcein.
recently described (13, 14) with a different toxin preparation.
DISCUSSION
We will show in the following that the effects of TeTx on lipid vesicles can be adequately understood within the framework of a model based on reaction rate theory. The model makes a number of assumptions on the mode of action of this toxin. Some of these assumptions will be discussed immediately, others will be introduced later for the sake of clarity. It is assumed that TeTx interacts with a lipid vesicle, becomes incorporated, and forms a pore permeable to molecules of molecular weight up to 700. This assumption is based on the fact that lipid vesicles are indeed permeabilized by TeTx (Figs. 1 and 8) , that the release is neither due to an osmotic swelling (see control experiments), nor to a solubilization of the vesicles of the kind produced by a detergent (because in this case the fluorescence of ANS would never increase, as in Fig. 8 A, but always decrease as we checked using Triton X-100), and finally because the formation of ionic channels by TeTx was already postulated in previous papers (11-13, 15, 16, 34) .
Because of the small dimensions of our vesicles the formation of just one toxin channel (with a conductance as reported in reference 13), will dissipate the gradient of any permeant molecule within a few milliseconds (35), i.e., much faster than our experimental resolution. This means that the rate-limiting event observed is the formation of channels into the vesicles.
For a description of the channel formation mechanism, we will follow the treatment and the formalism given by Schwarz (36, 37) 
The time constant for the disappearance of intact vesicles is thus
The total fluorescence, F, i.e., our observable, is given by
, and changes with time as given by Eq. 9 (Fo is the average fluorescence increase for the permeabilization of one vesicle). It is possible to calculate theoretically both kd and k.d since, in the case that no specific interaction develops between toxin and vesicles in the encounter state, they are given by (36) and
Since the binding of TeTx to lipid vesicles is virtually irreversible (16, 17) , it follows that k__ = 0 and also Kdi. = 0.
Therefore, from Scheme 2 we have
where quantities in square brackets are concentrations, 
i.e., 3 ,us. This lifetime is short enough to justify the assumption that the encounter state is short-lived compared to the other two, but, on the other hand, it is long enough to let the toxin equilibrate with the local pH in the encounter zone as discussed in Appendix A. Low pH can induce a conformational transition into TeTx promoting the exposition of a hydrophobic region of the molecule (17, 39) . Accordingly, we assume that TeTx at the surface of a vesicle is in a fast, pH-dependent, equilibrium between two different configurations, T,n0(A) and Tenc(B), which have different rates of diffusion into the lipid phase namely kr(A) and k,(B). In particular, the diffusion rate of the protonated, "hydrophobic," form, k,(B), is much faster than the other. As demonstrated in Appendix A, because the exchange between the two forms A and B is fast compared to the lifetime of the encounter state, this equilibrium can be taken into account by simply substituting the following for k, of Scheme 1: (14) where H is the proton concentration in the encounter region and K is the intrinsic dissociation constant for the binding of protons to TeTx.
In the case of vesicles bearing a surface potential, 4P, this modulates the local pH through an electrostatic attraction of protons, which can be expressed as H = H. exp (-D/kT), (15) where Ho is the concentration of protons in the bulk solution. It is possible to evaluate H for any given set of experimental conditions, such as bulk pH, lipid composition of the vesicles, and ionic strength of the solution, by means of the Gouy-Stern theory (40) (16) kr has an upper limit in kr(B), that is 200 s-' at most in these experiments (see Table 1 ) and is therefore much smaller than k-d. With Values of kr(A) and kr(B) listed in Table 1 have been obtained on the basis of Eq. 17 using appropriate vo, A, and [Tf] . A discussion of these values should consider that an upper limit to their value is given by unrestricted diffusion of at least part of the protein through the bilayer. The minimum value of this upper limit is given by (36) Values of kr(A) depend less on the lipid composition and are always much smaller than the corresponding kr(B) (on the average 100 times smaller), indicating that the insertion of the unprotonated form into the vesicle is less favored. One possible explanation for this fact could be that the protonable acidic charge has to become exposed to the hydrophobic interior of the membrane in the inserted form of the toxin, with a consequently high energy cost in form A that is absent in the neutral, protonated form B.
In light of Eq. 17 the activation energy of r is given by the activation energy of k, which, in general, is an average of the activation energies for k,(A) and k,(B).
However, under the experimental conditions of Fig. 7 As far as the transmembrane potential effect is concerned a number of bacterial toxins share a similar voltage dependence, e.g., diphtheria toxin (29, 45) , botulinum toxin (11), colicins (47, 48) , as well as Escherichia coli hemolysin (49) . This mechanism, known as voltagegating, is usually attributed to the movement of electrically charged protein residues through the bilayer. In our case this suggests that one or more positively charged amino acids of tetanus toxin are exposed to the inner compartment of the vesicles when the channel is formed, becoming stabilized there by an internal negative voltage.
At variance with previous results (15, 16, 34) we found that fragment B is much less active than whole toxin on lipid vesicles, as is also the case with the toxoid. At present there is no explanation for this difference, but it may be noticed that the same sequence of potency as measured here, i.e., TeTx >> fragment-B ; toxoid has also been found during the binding and the internalization of these proteins into the axons of living animals (50) . Results That the lifetime of the encounter state is long compared to those of the two configurations A and B is warranted by the exceedingly high rate of diffusion of protons in water solutions. Data in the literature report that the rate of protonation, Kp, of a macromolecule adsorbed on the surface of a micelle is in the range 5-10 x 10'0 M-'s- (51, 52) , and a value even higher, 4 x 10" M-'s-, was found for the protonation of a Ca++ channel in natural cells (53) . The rate of deprotonation, Kd, can be calculated in our case from the pK of the reaction (which is 3.4 as taken from 
